Abstract: A compressed air energy storage (CAES) system that uses a high pressure, isothermal air compressor/expander (C/E) has no carbon emission and is more efficient than a conventional system that uses fossil fuels. To be successful, the compressor/expander must be efficient and has high power density. However, there is a trade-off between efficiency and power density due to heat transfer. Our previous work has shown that by optimizing the compression/expansion trajectories in a liquid piston C/E, the power density can be improved by many times without sacrificing efficiency. Yet, to achieve the optimized trajectory, this requires a large liquid piston pump/motor that often operates at low displacement, low efficiency regime. This paper proposes that by combining the liquid piston with a solid piston actuated via a hydraulic intensifier, the pump/motor size can be reduced significantly. A case study shows that with an optimal intensifier ratio, the pump/motor size is reduced by 85%, the ratio between maximum and minimum displacements is reduced by 7 times, and the mean efficiency is increased by 2.4 times. A full cycle dynamic simulation shows that the intensifier decreases, for the same pump/motor size, the total cycle time for over 50%, thus doubling the power density of the compressor/expander.
Introduction
Energy storage is recognized as key to integrating renewable energy into the electrical grid, and compressed air energy storage (CAES) is a potentially cost effective and scalable means of doing so. In the past few years, our research team has been working towards a novel CAES system particularly suited for off-shore wind turbines [1, 2] that stores excess wind energy prior to electricity generation for several hours to several days. The system ( Fig.1-left) uses an open accumulator architecture [3] (whereby the storage vessel contains both liquid and compressed air and by adjusting the liquid volume, the pressure can be maintained regardless of compressed air content) and a near isothermal air compressor / expander ( Fig.1-right) without the use of hydrocarbon fuel. When coupled directly with a wind turbine (via a hydraulic pump) and a synchronous electric generator, wind energy capture can be maximized and output voltage and frequency can be maintained.
This would be an improvement over conventional CAES systems, such as the plants in McIntosh, Alabama in the USA or in Huntdorf, Germany, which require natural gas turbines to recover the stored energy with low overall storage efficiency (below 40%-50%) [4] . These conventional CAES systems also store compressed air in large underground caverns in such a way that compression heat is lost, and the pressure can only cycle within a limited range (50-80bar), leading to low energy density. At 200bar nominal pressure, the proposed system increases energy density by 5 times. For an introduction to different CAES approaches, including the advanced adiabatic variety, see [5] .
For the proposed or other near isothermal CAES systems to be successful, the air compressor / expander must be capable of high pressure (200-300 bar) and is both efficient and power dense. Efficiency is important so that the captured wind energy is not wasted whereas power density is important to minimize capital expense (CAPEX) and physical footprint. High pressure helps increase both power and energy density. One approach advocated in [6, 7] is to use sprays of tiny water droplets. In our approach, however, this is achieved using a liquid piston and porous media inserts [8] (Fig.1-right) to augment heat transfer, to prevent leakage of the compressed air, and to reduce dead volume. A uniformly distributed porous media with porosity of 75% has been shown in experiments to increase the power density by an order of magnitude [9, 10] for the same efficiency. In addition, the compression / expansion trajectories, which are controlled by the liquid piston flow rate, are optimized so as to maximize the power at a given efficiency; or equivalently, to maximize the efficiency at a given power [11, 12, 13] . It has been shown that by merely optimizing the trajectories, power density can be increased by many fold over ad-hoc trajectories, such as sinusoidal or linear profiles, without sacrificing efficiency (see e.g. Fig.2 -top-right). Together with optimizing the shape of the compressor/expander chamber and the distribution of the porous media, the overall power density can be improved 20 fold over a design that uses a generic cylindrical shape, uniform porosity distribution and uniform trajectory [14] . All these translate to a more compact and efficient system and lower capital cost, as cost of the compressor/expander will likely scale linearly or to the 2/3-rd order of its size. Our current compression / expansion time is between 1-2 sec. for a pressure of 210 bar and thermodynamic efficiency of 90-95%.
Although optimizing the compression / expansion trajectories can improve the efficiency/powerdensity trade-off, there is a price to be paid. Because the optimal trajectories consist of fast-slowfast segments, the pump/motor for the liquid piston needs to be large to provide the high flow rates and it must operate at both very high and very low displacements. This is costly and maintaining efficiency for both high and low displacements is challenging. This paper proposes and studies the benefits of a combined liquid piston and solid piston (hydraulic intensifier) approach so one can reap the benefit of optimized trajectories without needing an excessively large pump/motor.
In section 2, the Pareto optimal compression/expansion trajectory concept and its challenges are reviewed. Section 3 presents the proposed combined solid/liquid piston approach. Section 4 uses a case study to illustrate the performance of the proposed approach during compression. Results for expansion are similar. A second case study is presented in section 5 which includes the detailed design and the dynamic operation of the system. Concluding remarks are are given in section 6. 
Liquid Piston Compressor/Expander
Figure 1-right is a schematic of the liquid piston compressor/expander which shows the details of the compressor/expander in the dotted box in Fig.1 -left . The upper portion of its chamber is filled with porous media that increases heat transfer area [8, 9, 10] . As the liquid (water in our case) is pumped into the chamber, air above it is compressed. Similarly, as the compressed air expands, work is extracted via the pump/motor as liquid is withdrawn. Advantages of the liquid piston compared to a solid piston are 1) liquid can flow through porous media which increase greatly the surface area and heat capacitances for heat transfer, 2) it forms a good seal to prevent leakage of compressed air, and 3) it eliminates potential dead volumes. Moreover, the velocity of the liquid piston, and hence compression/expansion rates can be controlled by controlling the liquid pump/motor.
Optimal Efficiency-Power Density Trade-off
Figure 2-top-left shows the pressure-volume trajectories of a compression process and an expansion process with a pressure ratio r. For compression, initially, the compressor/expander chamber is filled with air at pressure-volume of (P 0 , V 0 ) and ambient temperature T 0 . As the liquid piston rises, the air is compressed, along the profile ⇣ c , to (rP 0 , V c ) and typically at an elevated temperature. The valve to the storage vessel is then opened, and the compressed air is ejected at constant pressure into the storage vessel. Inside the storage vessel, it is assumed that there is sufficient time for the compressed air to cool isobarically to T 0 . For expansion, the chamber is initially filled with liquid and with zero air volume. Then, the liquid piston lowers to allow the expansion chamber to charge isobarically with compressed air from the storage vessel to an air volume V s = V 0 /r. The intake valve is then closed, and the air at (rP 0 , V s ) is expanded along the profile ⇣ e to (P 0 , V e ) and typically at a diminished temperature. For isothermal CAES, thermal storage is not available and the temperature of the heat sink (for compression) and heat source (for expansion) are at near ambient temperature. 
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For these processes, the work input (W in ) during compression and work output (W out ) during expansion are the areas under the P-V curve as indicated by the shaded areas in Fig.2 -top-left. Since the initial temperature and ambient temperature used for heat transfer are assumed to be T 0 , the minimum work input and the maximum work output are attained if the compression profile ⇣ c and expansion profile ⇣ e are isothermal at T 0 . We define this work as the storage energy (or exergy):
The compression efficiency with profile ⇣ c , and the expansion efficiency with profile ⇣ e are defined correspondingly as:
,
Storage power density and output power density can in turn be defined as:
where t c and t e are the times for the compression or the expansion processes and V 0 is the expanded air volume. These are governed by heat transfer since the compression/expansion times are:
where m is the air mass, c v is the specific heat of the air, and hA is the (possibly time varying) instantaneous product of the heat transfer coefficient and the heat transfer surface area. Eq. (4) is derived by re-arranging the energy conservation equation for the air.
There is a fundamental trade-off between efficiency and power density for such processes where the compressed air temperature is assumed to return to ambient in the storage vessel before regeneration, since fast processes (required for high power) tend to increase W in or decrease W out which reduce efficiency. For example, isothermal processes are 100% efficient but have no power as it takes infinite time; whereas adiabatic processes can take vanishingly small time (since it does not depend on heat transfer) but they are not efficient (since the hot compressed gas will cool, losing its energy, before the discharge process).
A Pareto optimal trade-off problem is therefore to: Find the optimal compression (or expansion) profile ⇣ c (or ⇣ e ) such that for a given pressure ratio r and efficiency ⌘ c (⌘ e ), the power density P store (or P out ) is maximized.
Solutions to the optimal trade-off problem are given in [11, 12, 13] . In [11] and [12] , analytical solutions are provided for the case when hA -the product of the heat transfer coefficient (h) and the heat transfer area (A), is a constant or is a function of air-volume only. In [13] , numerical solutions are provided where more general heat transfer coefficients, friction losses in the liquid piston, and flow limitations are also considered. In general, a dynamic programming approach can be used to compute the optimal profiles efficiently [14] . In all these cases and for for both compression and expansion, the Pareto optimal solutions consist of fast-slow-fast segments. For example, when hA is a constant, the optimal solution consists of an initial adiabatic process, followed by an isothermal process, and a final adiabatic process. The adiabatic segments are executed as fast as possible, and the isothermal process is executed at constant power and an elevated (for expansion) / reduced (for expansion) temperature above/below the ambient to allow heat transfer at the same power. Choice of the isothermal temperature or power determines the target efficiency. Figure 2 top-right illustrates that by merely optimizing the trajectory, the efficiency-power density trade-off can be improved dramatically. For example, at 90% efficiency, the optimized trajectories increase the compression power densities by 500%-1500% over ad-hoc sinusoidal and linear trajectories. Similar improvement is obtained for expansion.
Challenges of optimized trajectories
To illustrate the challenges for realizing the optimal trajectories, consider a sample optimal compression trajectory, as shown in Fig.2 -bottom. It is optimized for a 5 to 200 bar (r=40) 2nd stage liquid piston compressor. The compressor is filled with porous media and has an air chamber volume of 3 liters. The compression time is 1.35s, thermodynamic efficiency is 90.4%, storage power is 5kW and the storage power density is 1.66MW/m 3 . For this trajectory, the flow rate is 660LPM at the beginning, decreases to 21.6LPM and reaches 660LPM again for a brief moment at the end ( Fig.2-bottom) . The mean flow rate (time averaged) for the process is only 132LPM. Thus, the liquid piston pump/motor must be sized 5 times larger than the average flow. Moreover, the minimum displacement is only 0.033 of the maximum, and for over 40% of the time, the displacement is less than 0.1. The turndown ratio, i.e. the ratio between the maximum and minimum displacements, is 660/21.6 = 31 which is very large. Moreover, the time-average pressure is only 41bar while the maximum pressure is 200bar ( Fig.2-bottom) . Thus, the high-pressure capability of the pump/motor, which is often obtained at the expense of increased friction and bulkiness, is only needed for a small fraction of time. This is problematic because of the following:
1. Cost, physical size and weight of the pump/motors increase with maximum displacement.
2. Variable displacement pump/motors are typically more efficient when operating near its maximum displacement. Efficiency drops off significantly at low displacements. Here the minimum displacement is extremely low (0.033).
What is required is a method that allows the pump/motor to be small, operate at higher mean pressure, while achieving the optimal compression/ expansion profiles.
Combined solid piston and liquid piston concept
To solve this problem, we propose to combine a solid piston and a liquid piston, with the solid piston actuated via a hydraulic intensifier. This will allow the optimal profile to be achieved while allowing the liquid piston pump/motor to be smaller and to operate at higher displacement ratio and higher mean pressure. The initial high flow, low-pressure portion of the compression is achieved by a solid piston, since it would be ill suited for the liquid piston pump/motor. To retain the liquid piston's benefits of using porous media to augment heat transfer and sealing, the solid piston can be submerged in a liquid column. The movement of the solid piston in turn results in movement of the liquid column. This configuration is shown in Fig.3 . When the pressure and flow requirements are suitable for the liquid piston pump/motor, liquid can be injected into or withdrawn from the chamber directly as in a regular liquid piston compressor/expander. The solid piston can also be configured such that its movement changes the air chamber volume directly in order to avoid the need for extra liquid in (and volume of) the compression/expansion chamber. A disadvantage of this is that porous media cannot be placed easily in the volume that would be occupied by the solid piston.
The solid piston can be actuated by various means, such as mechanically, via a cam shaft, linkage, etc., or hydraulically. Figure 3 shows the case when it is actuated hydraulically, via a flow intensifier, by the same pump/motor that feeds the liquid piston. The intensifier is configured so that the piston area in the chamber is A 2 and the piston area on the side connected to the pump/motor is A 1 . Typically, A 2 > A 1 . The 3-way hydraulic valve switches the pump/motor flow to either the liquid piston or the solid piston.
The two modes of operation of the combined solid piston-liquid piston compressor/expander are shown in Fig 3. The compression process starts with the solid piston being actuated by the pump/motor via the flow intensifier ( Fig.3-left) . Since A 2 > A 1 , to achieve the rate of volume change as determined by the desired compression profile, say Q 2 (t), the pump/motor needs only supply the smaller flow of Q 1 = A 1 A 2 Q 2 . Also, if the chamber pressure is P 2 , the pump/motor sees the pressure of P 1 = A 2 A 1 P 2 , which is larger than P 2 . As compression progresses, both the chamber pressure P 2 and pump/motor pressure P 1 increase. At some point, the valve is switched so that the liquid piston is actuated and the solid piston is locked. One possible transition point is when the pump/motor pressure P 1 reaches some maximum desired operating pressure of the pump/motor. Since the pump/motor is expected to feed the liquid piston, this is likely the final compression pressure of the air to avoid over design. Other transition points are also possible. After the transition, the pump/motor sends all the flow Q 2 (t) as demanded by the desired compression trajectory to the liquid piston (Fig.3-right) . In this mode, the pump/motor pressure and the compression chamber pressure are the same. The compression process continues using the liquid piston until the final compression ratio is achieved.
To summarize, the compression process is divided into two phases: In the first (solid piston and flow intensifier) phase, the pump/motor sees a reduced flow rate and an increased pressure (both by a factor of A 2 /A 1 ); in the second (liquid piston only) phase , the pump/motor experiences the same pressure and flow rate as the original optimal trajectory for the compressed air. The pump/motor size can be reduced because of the lower flow rate requirement. The hydraulic pump/motor can also operate at higher displacement and more efficiently during the entire compression cycle.
One remaining issue is the final portion of the optimal trajectory that requires a high flow rate and high pressure (see Fig.2-bottom) . To achieve this with the liquid piston, a large pump/motor is needed to provide a high flow as before. To achieve this with the solid piston/intensifier and a downsized pump, the pump must be capable of a much higher pressure. Neither option is attractive. Fortunately, this final compression portion involves such a small volume change that even if the flow rate is reduced to the maximum pump flow rate in the first (solid piston) phase, the compression time is increased negligibly and efficiency is not affected. Therefore, by slightly modifying the final phase of the optimal profile, the pump/motor size can be reduced with little effect on the thermodynamic trade-off between efficiency and power.
The expansion case is reversed. The optimal trajectory consists, initially of a short and fast expansion from high pressure (200bar), followed by a slow expansion, and ending with another portion of fast expansion until the low pressure (5bar) is reached. With the intensifier, the initial portion of the expansion is done using the liquid piston directly. As the chamber air pressure decreases A 1 /A 2 times of the maximum allowable pump/motor pressure, the system switches to the solid piston and flow intensifier to take advantage of the increase effective expansion rate.
Design case stuty
In this section, we illustrate how the proposed approach affects the various performance characteristics of the liquid piston pump/motor. The average flow rate, average pressure and maximum flow rate of the pump/motor are investigated first, followed by efficiency of the pump/motor.
Effects on pump flow and mean pressure
To illustrate how the proposed approach affects the average flow rate, average pressure and maximum flow rate of the pump/motor, the r = 40, compression time=1.35sec. scenario in Fig.2 bottom is used. The transition from the solid piston phase to the liquid piston phase can take place at any moment before the pump pressure reaches the pressure limit of the pump/motor. To avoid over-design, a natural limit is the maximum compressed air pressure. The transition instant is also a function of the intensifier area ratio A 2 /A 1 . As an illustration, Fig.4 shows the flow and pressure trajectories if the transition pressure is 150 bar and the intensifier ratio is A 2 /A 1 = 4.5. Note that the solid piston/intensifier decreases the maximum flow requirement to 660LPM/4.5 = 147LPM and raises the mean operating pressure of the liquid pump/motor.
Other choices of A 2 /A 1 and transition pressures can also be used. Figures 5 a) -c) show how these choices affect the maximum and average flow rate of the liquid piston pump/motor. Notice that for each intensifier ratio A 2 /A 1 , both the maximum and average flow rates are minimized when the transition pressure is at the highest allowable value. Choosing this pressure (200bar) as the transition pressure (at the pump side), both the average and the maximum flow rates are minimized when the intensifier ratio A 2 /A 1 is 7. Lower ratios will require larger pump/motors while higher ratios reduces the duration when the solid piston can be used due to increased pump/motor pressure.
At this optimal intensifier ratio, the maximum flow rate is reduced from 660LPM to 94.2LPM so that the pump/motor size can be reduced by 85%. The time average pump flow rate is also reduced 
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Effect on pump/motor efficiency
To evaluate the effect on the pump/motor efficiency, a case with an intensifier area ratio of A 2 /A 1 = 7 and a transition pressure of 200 bar is considered. Fig.5-d shows the total efficiency map of a typical variable displacement axial piston pump/motor used in this study. A constant speed of 1800 rpm is assumed as dictated by the open accumulator system architecture in Fig.1 -left. Volumetric efficiency [15] increases monotonically with displacement, and peak mechanical efficiency occurs at high displacements (above 80%). Hence, in general, the pump/motor is more efficient when operating at high displacements. Mechanical efficiency [15] increases as pressure increases while volumetric efficiency drops with higher pressure due to larger leakages. So, it would be desirable to shift the process to a higher displacement, higher pressure region in order to improve the total efficiency of the hydraulic pump. pump efficiency is only 27%. When the solid piston/intensifier with an area ratio of 7 is used, the pump operates in more efficient regions. In this case, the overall pump efficiency is improved to 65%. The overall pump/motor efficiency can be further improved in two ways. Firstly, note that the design methodology to illustrate the solid piston-liquid piston combination has been simplified. Specifically, the optimal compression/expansion trajectories are computed to optimize the thermodynamic efficiency and power trade-off without consideration of the efficiency of the liquid piston pump/motor. The intensifier ratio is then designed to duplicate this trajectory with a smaller pump/motor. A more optimal method is to include the possibility of using an intensifier and the efficiency pump/motor in addition to the thermodynamic efficiency when optimizing the compression/expansion trajectory. Secondly, notice from Fig.5-d that even with the intensifier, the minimum displacement used is below 20% at which the efficiency is only 40%. Thus, variable displacement pump/motors that can maintain efficiency at relatively low displacements would increase overall efficiency. In recently years, digital displacement pump/motors [16, 17] , and adjustable linkage pump/motors [18] have been developed with exactly this characteristic.
Detail design and dynamic simulation
In this section, we conduct a second case study in which we illustrate how the liquid piston air compressor/expander works dynamically along with other components in the CAES system. This is done by developing a dynamic model of a specific design with more details and by performing dynamic cycle-by-cycle simulation of the compression process. Here, the compression/expansion trajectories have been optimized, taking into account the option of using of the solid piston/intensifier. 
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To model the dynamics of the system, transition of the directional control valve is modelled as a first order system with a time constant of 1/6 sec. Flow paths in the valve are modelled as orifices with varying areas. The pump/motor displacement actuation is also modelled as a first order system with a time constant of 1/8 sec. The air in the compression/expansion chamber is modelled using a 1-D, real gas model. Heat transfer to the porous media exposed to the air is modelled using the correlation in Table 1 . Water is modelled as a compressible liquid with a bulk modulus of 2.1GPa. The pilot-to-open check valve is assumed to be ideal.
Optimal trajectories
In contrast to the simplistic design procedure in Section 4, the compression/expansion trajectories are optimized with consideration of the intensifier and the pressure-flow capability of the pump/motor. The compression or expansion times are minimized (to maximize power) while maintaining a thermodynamic efficiency of 90%. Figure 7 shows the optimal flow trajectories, as functions of the chamber pressure, with and without the use of the 5:1 intensifier, for both compression and expansion. As expected, the optimal trajectories use the maximum available flow at the beginning and end portions of the compression/expansion consistent with results in [11, 12, 13, 14] . With the intensifier, the flow is much higher at the low pressure region compared to the no intensifier case. For compression, the transition from using to not using the intensifier is at the critical 40bar (=A 1 /A 2 · 200bar ) pressure. Beyond this pressure, the flow is slightly slower but similar to the no-intensifier case. For expansion, the flow is significantly slower with intensifier than without for a longer middle segment of the process. The transition from not using to using the intensifier also occurs later and at a lower pressure below 40bar.
The total compression and expansion times, and the total cycle times are shown in table 2. Here, compression and expansion times correspond to the time to reach 200bar for compression (or 7bar for expansion); and cycle times include time taken to eject and intake the 200bar air, and to charge the chamber with air or water at 7bar. With the higher flows seen in Fig.7 , the compression and expansion times are decreased by 53% and 37% respectively with the intensifier. Since the intake Fig. 7 . Optimal compression (left) and expansion (right) trajectories (effective flow rate into the chamber) as functions of chamber pressure, with and without using intensifier, for the system in Fig.6 and table 1. Thermodynamic efficiencies are constrained at 90%. of 7bar air/water in the compression/expansion cycles occur at low pressure, the intensifier can be activated to increase the flow rate and to decrease the intake times. This results in 62% and 54% decrease in the total compression and expansion cycle times. This means that with intensifier, the same pump/motor results in doubling of the power density.
Dynamic simulation
Dynamic simulation is done using Matlab's Simscape/Simhydraulics environment. The results of the dynamic simulation for a full compression cycle are shown in Fig.8 . Throughout the cycle, the liquid piston pump/motor displacement is controlled to track the optimized compression trajectory. Referring to Fig.8 , the flow intensifier is engaged (U = 1) in the first phase of compression since the optimal compression trajectory requires a high flow rate at the beginning (phase a). When the pump pressure reaches the allowable pressure of 200bar, the directional valve is switched to (U = 0) to by-pass the flow intensifier for the rest of compression process until the final desired air pressure (200bar) is reached (phase b). When the desired 200bar air pressure is reached, the high-pressure poppet valve to the storage vessel opens, and the compressed air is ejected to the storage vessel (phase c). The ejection phase ends when the chamber air volume falls below the dead volume. At this moment, the high pressure poppet valve is closed and the liquid piston pump turns into a motor (by reducing displacement ratio from +100% to -100%) to retract the liquid piston at maximum speed. Both the high pressure and low pressure poppet valves remain closed until the chamber pressure reaches 7bar at which moment, the low pressure poppet valve is opened to the 7bar intake. Intake continues until the chamber is fully charged. During the initial expansion phase, the small amount of air that remains in the chamber expands quickly causing its temperature to drop significantly. The first phase of expansion/intake when the pressure is below 200bar/5=40bar is performed with only the liquid piston (U = 0) (phase d). When the pressure falls below 40bar, the intensifier/solid piston is engaged (U = 1) and a pilot pressure is applied to the check valve to by-pass it. The liquid piston is retracted at high speed and air is taken in (phase e). The use of the intensifier in this phase decreases the intake time and hence overall cycle time.
The directional control valve takes finite time to switch from U = 1 to U = 0 between phases a and b, during which, cross-port flow is possible. The pressure across the flow intensifier area ratio would, in the absence of the check valve, cause back flow from the narrow region of the intensifier to the compression chamber and the solid piston of the intensifier to retract. The net result would be a significant reduction in the compression chamber pressure. This detrimental effect is avoided with the addition of the check valve. Fig.8-c . indicates that the chamber flow rate decreases discontinuously when the intensifier changes mode (at t = 0.32s and 0.88s). Rapid decrease in chamber flow rate can cause the surface of the liquid piston to decelerate quickly. If the deceleration is greater than 1g, Rayleigh-Taylor instability [19] may occur causing splashing and other undesirable events. To avoid this situation, the trajectories can be modified near the transition. For example, the pump flow prior to transition can be reduced at the expense of a slight increase in cycle time. Similarly, at the transition pressure of 40bar, the air volume during compression is greater than that during intake. Thus, to ensure that the intensifier positions at the beginning and end of the cycle are the same, the transitions to using the intensifier may also need to be slightly adjusted.
The displacement and efficiency of the hydraulic pump/motor during one compression cycle are shown in Fig.8-b and Fig.8-d . With the help of the intensifier, the displacement remains above 45% and the total efficiency remains above 85% except when (at t=0.8s) the displacement changes rapidly from +100% to -100%.
Conclusion
A potential issue with a liquid piston compressor/expander is the need for a relatively large liquid piston pump/motor that operates at relatively low mean pressure. This is exacerbated if optimal compression/expansion trajectories are used to optimize the thermodynamic efficiency-power trade-off. This causes the pump/motor to operate at low displacement and low efficiency regimes for a significant middle portion of the cycle while requiring large flows at the initial and final instants. By allowing a part of the process to be carried out using a solid piston and an intensifier as proposed, the pump/motor size can be significantly reduced and the pump/motor can be allowed to operate more efficiently at higher displacement ratios and higher mean pressures.
The first case study considered in this paper shows that with the intensifier, both the pump/motor size and turndown ratio are reduced by 7 times, mean pressure is doubled, and efficiency is increased by 2.4 times. A second, more detailed design case study shows that with an intensifier, the compression and expansion times are decreased by 53% and 37%; and the total cycle times by 62% and 54%. Further improvement of the overall system can be obtained if the operational losses of the pump/motor are optimized together with the compression/ expansion process. This will generate an optimal combination of pump/motor size, compression/expansion trajectory, intensifier ratio and transition pressure that optimizes the overall system efficiency.
Dynamic simulations for the second case study indicate that attention is needed to reduce detrimental effects when the intensifier transitions. For example, a pair of pilot-to-open and pilotto-close check valves can avoid reverse flow due to cross-flow in the directional control valve; reducing flow prior to intensifier transition or delaying transition can prevent the onset of RayleighTaylor instability of the liquid surface, and ensure the intensifier positions at the beginning and end of the cycle are the same. 
